Objective-Hypo-and hyperphosphatemia have each been associated with increased mortality in maintenance hemodialysis (MHD) patients. There has not been previous evaluation of a differential relationship between serum phosphorus level and death risk across varying age groups in MHD patients.
Introduction
Dialysis patients have a higher risk of morbidity and mortality than that of the general population. 1,2 Cardiovascular disease accounts for approximately 50% of these deaths 1 and accelerated atherosclerosis is a major cause of cardiovascular mortality in dialysis patients. 3 The heightened cardiovascular risk among dialysis patients may be due to traditional risk factors and uremia-specific risk factors which include mineral and bone disorders (MBD). 4, 5 A 25%-30% decline in kidney function may result in phosphorus retention and hyperphosphatemia, which subsequently give rise to abnormalities in vitamin D metabolism and alterations in parathyroid gland function (eg, secondary hyperparathyroidism and mixed renal osteodystrophy). 6 Moreover, hyperphosphatemia in dialysis patients contribute to elevations in fibroblast growth factor-23 (FGF-23) levels 7, 8 and vascular calcification [9] [10] [11] [12] [13] [14] which are both independently associated with adverse cardiovascular outcomes and mortality. [15] [16] [17] [18] [19] An experimental study demonstrated that increased serum phosphorus concentrations stimulate the transformation of vascular smooth muscle cells into osteoblastlike cells, which predispose to vascular calcification. 20 Studies of dialysis patients in North America, Latin America, Europe and Asia have consistently shown that hyperphosphatemia as well as increases in serum phosphorus levels over time, are associated with increased risk of all-cause mortality, cardiovascular morbidity and mortality, and increased hospitalization rates. 15, 16, 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Hypophosphatemia, as well as declines in serum phosphorus levels over time are also associated with increased risk of all-cause and cardiovascular mortality in dialysis patients. 22, 23, 25, 31 The elderly comprise the fastest growing group of dialysis patients worldwide, and account for 25%-30% of dialysis patients in end-stage renal disease (ESRD) registries. 1, 33 From 2000 to 2007, US elderly patients ≥65 years old had a greater incidence in ESRD than younger age groups. During this period, the prevalence rate of ESRD cases in patients 65-74 and ≥75 years old rose by 24% and 28%, respectively, which was markedly higher than the 17.5% growth rate observed in all age groups. 1 Similarly, in European countries, there has been a more rapid rise in elderly patients age ≥65 years initiating dialysis treatments compared with patients 18-65 years old. 34, 35 Elderly dialysis patients experience a higher risk of death compared to their younger counterparts. 36, 37 Malnutrition, inflammation and cardiovascular comorbidities are independent predictors of mortality among hemodialysis patients >75 years old. 38, 39 Furthermore, elderly dialysis patients are more likely to be manifest worse nutritional parameters indicative of protein energy malnutrition. 36, 40, 41 We therefore hypothesized that a differential association between serum phosphorus concentrations and mortality in elderly versus non-elderly MHD patients exists.
Subjects and Methods

Study Population
We extracted and examined data from all individuals with CKD stage 5 who underwent hemodialysis treatment from July 2001 to June 2006 in any one of the 580 outpatient dialysis facilities of DaVita, a large dialysis organization in USA. The study was approved by the institutional review committees of both the Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center and DaVita Clinical Research; a requirement for a written consent was waived due to the large sample size, patient anonymity, and nonintrusive nature of the research. The first (baseline) studied quarter for each patient was the calendar quarter in which the patient's hemodialysis vintage was greater than 90 days. Patients who were ≥15 years old, received hemodialysis treatments in the baseline quarter, and who underwent serum phosphorus level measurements were included in the present study. Among the 127,034 patients who were ≥15 years old and received hemodialysis treatment greater than 90 days during the study period, we excluded 19,487 MHD patients who had missing serum phosphorus levels and follow-up periods. A total of 107,817 MHD patients were included in the present analysis.
Baseline Demographic and Comorbidity Measures
The creation of the DaVita maintenance hemodialysis patient cohort has been previously described. [42] [43] [44] [45] [46] To minimize measurement variability, all repeated measures for each patient during any given calendar quarter (i.e. over a 13-week interval) were averaged to create a summary estimate that was used in all models. Average values were obtained from up to 20 calendar quarters (from July 1, 2001 through June 30, 2006) for each laboratory parameter and clinical measure for each patient during the study cohort period. Patients were followed for outcome events until June 30, 2007 . Dialysis vintage was defined as the duration of time between the first day of hemodialysis treatment and the day that the patient entered the cohort study.
Information on race/ethnicity, primary insurance, marital status and the presence of diabetes at baseline were obtained from the DaVita database. Data on pre-existing comorbidities and history of tobacco smoking were obtained by linking the DaVita database to the data from Medical Evidence Form 2728 from the US Renal Data System (USRDS) and were categorized into 9 comorbid conditions: atherosclerotic heart disease (ischemic heart disease, myocardial infarction, or cardiac arrest), congestive heart failure, other cardiac diseases (pericarditis and cardiac arrhythmia), hypertension, cerebrovascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, cancer and nonambulatory state. The recorded causes of death were obtained from the USRDS, and cardiovascular death was defined as death due to myocardial infarction, cardiac arrest, heart failure, cerebrovascular accident and other cardiac diseases. The study population was stratified into 5 age categories (15-<45, 45-<65, 65-<70, 70-<75 and ≥75 years old) for data analysis.
Laboratory Measures
Blood samples were drawn using standardized techniques in all DaVita dialysis clinics and were transported to the DaVita Laboratory in Deland, FL, typically within 24 hours. All laboratory values were measured using automated and standardized methods in the DaVita Laboratory. Most laboratory parameters were measured monthly, including urea nitrogen, creatinine, albumin, calcium, phosphorus, bicarbonate, and total-iron binding capacity (TIBC). Serum ferritin and intact parathyroid hormone were measured at least quarterly. Hemoglobin was measured at least monthly in all patients and weekly to biweekly in most patients. The normalized protein equivalent of total nitrogen appearance (nPNA), also known as normalized protein catabolic rate (nPCR), was measured monthly as an indicator of daily protein intake. Corrected calcium levels were calculated using the following equation: 'corrected calcium (mg/dl) = {0.8 × [4 -serum albumin (g/dl)]} + serum calcium (mg/dl).' Most blood samples were collected before dialysis, except for post-dialysis serum urea nitrogen to calculate urea kinetics. To mitigate measurement error, we averaged all monthly serum phosphorus values into a single time-averaged serum phosphorus value per patient. We divided time-averaged serum phosphorus levels into 6 categories defined a priori: <3.5, 3.5-5.5, >5.5-6.5, >6.5-7.5, >7.5-8.5 and >8.5 mg/dl. The phosphorus category of 3.5-5.5 mg/dl was designated as the reference group based on the Kidney Disease Outcomes Quality Initiative (KDOQI) recommended serum phosphorus target range. 47 
Statistical Methods
Descriptive statistics included proportions, means ± SD or medians (interquartile ranges [IQR] ) as dictated by data type. We compared time-averaged serum phosphorus levels between different age categories using trend analysis and adjusted for demographics, dialysis dose, presence of comorbid conditions, residual renal function, serum calcium and intact parathyroid hormone concentrations. Logistic regression analyses with adjustment for case-mix covariates and malnutrition inflammation complex syndrome (MICS) surrogates (see below) were used to calculate the odds ratio of hypophosphatemia (defined as serum phosphorus level <3.5 mg/dl) and hyperphosphatemia (defined as serum phosphorus level ≥5.5 mg/dl) across the 5 age groups. We also tested the linearity of logistic regression models using restricted cubic splines.
We evaluated the association between serum phosphorous levels (main predictor) with allcause mortality (separately) and cardiovascular mortality (outcomes) using Cox proportional hazard models within each age category. For each analysis, we created three models with incremental multivariable adjustment:
1. Unadjusted models (minimally adjusted models) included phosphorus categories and entry calendar quarter (q1 through q20).
2.
Case-mix adjusted models included all of the variables in the minimally adjusted model plus age, gender, race/ethnicity (non-Hispanic Whites, Blacks, Hispanics and Asians), presence of diabetes, dialysis vintage (<6 months, 6-24 months, 2-5 years and ≥5 years), primary insurance (Medicare, Medicaid and others), marital status (married, single, widowed and divorced), 9 pre-existing comorbidities identified in the Medical Evidence Form 2728 (atherosclerotic heart disease, cancer, congestive heart failure, chronic obstructive pulmonary disease, cerebrovascular disease, hypertension, other cardiac diseases, peripheral vascular disease and non-ambulatory state), history of tobacco smoking, type of vascular access (arteriovenous fistula, arteriovenous graft and catheter), dialysis dose as indicated by single pool Kt/V and residual renal function.
3.
Case-mix plus MICS adjusted models included all of the covariates in the case-mix model plus 12 surrogates of nutritional status and inflammation which included body mass index (BMI), serum levels of albumin, TIBC, ferritin, creatinine, calcium, intact parathyroid hormone, bicarbonate, hemoglobin, peripheral white blood cell count (WBC), lymphocyte percentage and nPNA.
Patients who received a renal transplant, switched to peritoneal dialysis or left DaVita dialysis clinics were censored at the time of the event. Missing covariate data were imputed by the means or medians of the existing values as appropriate. All statistical analyses were conducted with Stata 10.0 (Stata Corp., College Station, TX).
Results
Cohort Description
The baseline demographics, comorbid conditions and laboratory characteristics of the 107,817 MHD patients, stratified by age category are summarized in Table 1 . The overall mean age of the cohort was 60±16 years, among whom there were 45% women, 35% Blacks and 58% diabetics. Older MHD patients were more likely to be female, White, and diabetic and were more likely to have pre-existing comorbidities, dialysis catheter use, and shorter dialysis vintage. They were also more likely to have lower serum levels of albumin, creatinine, phosphorus, intact parathyroid hormone, nPNA, and lower BMI compared to younger MHD patients. A total of 57,851 MHD patients (54%) died during the follow-up period, and 23,743 (41%) deaths were attributable to cardiovascular diseases. The median (IQR) follow-up time for the cohort was 2.21 (1.18-3.68) years.
Time-Averaged Serum Phosphorus Concentrations across 5 Incremental Age Categories
There was a graded decline in time-averaged serum phosphorus level (mean ± SD) with incrementally older age: 6.26±1.4, 5.65±1.2, 5.26±1.1, 5.11±1.0 and 4.88±1.0 mg/dl in patients 15-<45, 45-<65, 65-<70, 70-<75 and ≥75 years old, respectively (P for trend <0.001). In both sexes, older MHD patients had significantly lower time-averaged serum phosphorus levels than younger MHD patients (P for trend <0.001 in both sexes, Figure 1 ). This trend persisted after case-mix adjustment. In case-mix plus MICS adjusted logistic regression models, older MHD patients 65-<70, 70-<75 and ≥75 years old were 1.62, 1.96 and 2.32 times more likely to have serum phosphorous levels <3.5 mg/dl, compared with those 15<-45 years old ( Table 2) . Similarly, compared to the 15-<45 year old age group, patients 45-<65, 65-<70, 70-<75 and ≥75 years old were 26%, 46%, 52% and 63% less likely to have serum phosphorus levels >5.5 mg/dl in fully adjusted models, respectively ( Table 3) . Cubic spline models showed a similar trend for hyperphosphatemia (Figure 2 , Panel A) and hypophosphatemia (Figure 2, Panel B) across the entire continuum of age.
All-Cause Mortality associated with Serum Phosphorus Levels in 5 Incremental Age Categories
In the unadjusted and case-mix adjusted Cox proportional hazard models, there was a Ushaped association between time-averaged serum phosphorus levels and all-cause mortality across all age categories (Figure 3) . After adjustment for MICS surrogates, a U-shaped association between serum phosphorus level and all-cause death risk persisted only in MHD patients ≥65 years, whereas patients < 65 years had a monotonic increase in mortality with increasing serum phosphorus level (Figure 3) . The case-mix and MICS adjusted all-cause mortality hazard ratios (HRs) for each time-averaged serum phosphorus category stratified by age group are shown in Table 4 . In comparison to serum phosphorus levels of 3.5-5.5 mg/dl (referent group), hyperphosphatemia was associated with increased all-cause death across all age categories in fully adjusted models (Figure 3 and Table 4 ). However, in comparison to the referent group, serum phosphorus levels <3.5 mg/dl were associated with increased all-cause mortality in older age groups (≥65 years old), but not in younger age groups (aged 15-<65 years old). Fully adjusted all-cause mortality HRs (95% CI) associated with serum phosphorus levels <3.5 mg/dl were 1.21 (1.07-1.37), 1.13 (1.02-1.25), and 1.28 (1.2-1.37) for patients 65-<70, 70-<75, and ≥75 years old, respectively (Figure 3 and Table  4 ).
Cardiovascular Mortality associated with Serum Phosphorus Levels in 5 Incremental Age Categories
In case-mix plus MICS adjusted models, hyperphosphatemia was associated with increased cardiovascular mortality in comparison to serum phosphorus levels of 3.5-5.5 mg/dl (referent group) in all age categories (Figure 4 and Table 5 ). Nevertheless, in fully adjusted models, serum phosphorus level <3.5 mg/dl were significantly associated with increased cardiovascular death only in elderly MHD patients 65-<70 years old (HR (95% CI) 1.26 (1.04-1.54), P=0.019) and those ≥75 years old (HR (95% CI) 1.32 (1.18-1.46), P<0.001). In comparison to the referent group, serum phosphorus levels <3.5 mg/dl were not associated with cardiovascular death in MHD patients <65 years old in fully adjusted models (Figure 4 and Table 5 ).
Discussion
In this large, contemporary, and nationally representative cohort of MHD patients, we found that higher time-averaged serum phosphorus levels were associated with increased mortality in all age groups. We observed that elderly MHD patients had a greater likelihood of hypophosphatemia, and that low serum phosphorus levels were associated with increased mortality in this subgroup; this association was not observed in younger patients however. A similar pattern of results was observed for both all-cause and cardiovascular mortality.
We observed that hyperphosphatemia was significantly associated with increased all-cause and cardiovascular mortality which is consistent with data from prior publications, 15,16,18,21-23,25-31 but to our knowledge ours is the first to evaluate the hyperphosphatemia-mortality association across varying age categories. Several studies 22, 25, 26 have reported a significant increase in all-cause and cardiovascular death among MHD patients with serum phosphorus values >5.5 mg/dl which is the upper limit of K/DOQI serum phosphorus targets. 47 In addition, increased mortality has been observed in MHD patients with more modest elevations of serum phosphorus. 15, 27, 29 The association between hyperphosphatemia and mortality in dialysis patients may in part be due to vascular calcification. In dialysis patients, there is a potent association between hyperphosphatemia and arterial calcification. 10, 48 Vascular calcification has been associated with adverse outcomes including ischemic heart disease, congestive heart failure, all-cause and cardiovascular mortality in hemodialysis patients. [49] [50] [51] [52] The mechanisms by which hyperphosphatemia contributes to the initiation and progression of vascular calcification include (1) transformation of vascular smooth muscle cells (VSMCs) from a contractile to an osteochondrogenic phenotype and mineralization of VSMC matrix through sodiumdependent phosphate co-transporters, (2) induction of VSMC apoptosis, (3) prevention of monocyte/macrophage differentiation into osteoclastic-like cells, (4) escalation of FGF-23 levels, and (5) reduction in klotho expression. 53 Hyperphosphatemia has also been shown to contribute to endothelial dysfunction, increased arterial stiffness and cardiac fibrosis. 54, 55 We found that the low serum phosphorus level was associated with all-cause and cardiovascular mortality in elderly MHD patients ≥65 years old only. Previous clinical studies 22, 31 have shown that serum phosphorus levels <3.5 mg/dl were associated with increased mortality in MHD patients. Although the underlying mechanism of this association remains unclear, prior studies have shown that hypophosphatemia may be a marker of poor dietary protein intake, 56 which is an important predictor of mortality in MHD patients. 57, 58 Although we accounted for a number of nutritional parameters including serum albumin, creatinine, TIBC, ferritin, nPNA, and BMI in multivariable-adjusted models, we cannot exclude the possibility of residual confounding. Dietary protein intake may have a greater impact on serum phosphorus levels than utilization of phosphorus binders or dialytic clearance of phosphorus particularly in elderly patients. Lorenzo et al 56 have reported that the relatively low serum phosphorus concentrations seen in older MHD patients were associated with a spontaneous reduction of protein intake and the relatively low caloric and protein intake is common in elderly MHD patients. 59, 60 Poor appetite and low protein intake significantly correlated with increased mortality in MHD patients. 57, 58 In our cohort study, we found that serum phosphorus levels positively correlated with nPNA and serum albumin levels (r=0.26 and 0.19 for nPNA and serum albumin levels, respectively). This may explain why the association between hypophosphatemia and mortality in younger patients observed in unadjusted and case-mix adjusted models was attenuated after further adjustment for MICS surrogates. Our results suggest that a very low serum phosphorus level (<3.5 mg/dl) is a mortality predictor; such a profound hypophosphatemia is unlikely to reflect better phosphorus control, particularly in elderly MHD patients in whom it may reflect inadequate protein intake and its associated death risk. Clinical judgment in this regard could be supported by other nutritional surrogates.
The strengths of this study include its large sample size and generalizability to the US dialysis population. Patient data was obtained from DaVita dialysis facilities which were under uniform standards of medical care. All laboratory values were measured in a single laboratory with optimal quality assurance. We adjusted for a number of confounders such as baseline cardiovascular and other comorbid conditions as well as dialysis vintage in multivariable models. Moreover, we used time-averaged measures with all laboratory data, rather than a single baseline measure in our analyses. Several limitations of this study bear mention. Given that this was an observational study, causal relationships cannot be directly inferred. We did not have information on utilization of MBD treatments (activated vitamin D therapy and phosphorus-binding agents), which may have resulted in residual confounding. We also obtained information on baseline comorbidity status from the Medical Evidence Form 2728, in which comorbid conditions may have been underreported. 61 We lacked the data on laboratory markers of inflammation such as C-reactive protein; however, our analyses were adjusted for serum levels of albumin, ferritin, TIBC, WBC and lymphocyte percentage, which are known to be associated with inflammation in dialysis patients. 62 
Conclusion
In summary, differential associations between serum phosphorus levels with mortality were observed among MHD patients of varying age groups. High serum levels of phosphorus were significantly associated with increased all-cause and cardiovascular mortality across all age groups, whereas low serum phosphorus concentrations were associated with mortality in elderly patients≥65 years old, in whom there was a greater likelihood of hypophosphatemia.
Practical Application
These data suggest that the association between hyperphosphatemia and mortality is similar across all age groups, whereas hypophosphatemia is associated with increased mortality only in elderly MHD patients. Preventing very low serum phosphorus levels in elderly dialysis patients, for instance by liberalizing dietary protein intake, may be associated with better outcomes. Future studies are needed to examine whether the death risk of hypophosphatemia can be mitigated by dietary modifications.
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